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Teeth are complex biological structures consisting primarily of enamel and dentin. The
mechanical loading of teeth due to the action of brushing provides a complex interaction
between applied forces and the biological structure, resulting in volume loss of dental
tissue. The volume loss as a resulting of using an ex situ brushing of teeth was measured
using x-ray microcomputed tomography (XCT) and corresponding image analyses.
Three-dimension reconstructions of teeth reveal a considerably loss of dentin at a rate of
over 30 times that of enamel during brushing, as would be expected by the consideration
of the corresponding structures. The approach here is flexible and can be applied to a
range of brushing, teeth, and environmental conditions.
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INTRODUCTION
Teeth are a complex biological structure composed primarily of enamel and dentin. The enamel
forms the outermost layer of the tooth and is formed of highly ordered apatite prisms (Fincham
et al., 1999). These prisms are combined to form enamel rods, which provides a high degree of
mechanical performance (Imbeni et al., 2005). Dentin is a collagen andmineral based biocomposite
that forms the second major component and comprises the bulk of the tooth volume (Fratzl, 2008).
Dentin has a pronounced tubular structure, where the tubules run from the tooth pulp chamber
to the dentin-enamel junction. The tubules have a diameter on the order of several micrometers,
narrowing in diameter as they approach the surface of the dentin or the dentin-enamel junction
(Fratzl, 2008). The primary component of dentin is the intertubular dentin that is a dense fibrillar
structure of mainlymineralized collagen (Zaslansky et al., 2006). The intertubular dentin surrounds
the highly mineralized peritubular dentin, which in turn surrounds the dentin tubules (Jud et al.,
2015). Peritubular dentin is reported to contain no collagen and is composed of highly developed
hydroxyapatite crystals (Fratzl, 2008). The main function of dentin is to provide mechanical
support for the enamel layer in order to facilitate the translation of the forces from the enamel
through to the jaw bone (Zaslansky et al., 2006). The enamel and dentin are designed to work
in conjunction, and be resistant to the repeated forces experienced within the oral cavity mainly
frommastication (Montoya et al., 2016). The surface of the dentin is covered by a mineralised layer
known as the cementum. The cementum generally covers the dentin surface up to the gum line
where it meets the enamel (Nanci, 2014). The cementum serves as the binding point between the
tooth and the periodontal ligament, which anchors the tooth to the alveolar bone (Bosshardt and
Selvig, 1997). The interface between the cementum and enamel is known as the cementoenamel
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junction. Generally at this junction the cementum will directly
interface with the enamel, slightly overlap or in some cases leave
a gap of exposed root surface (Arambawatta et al., 2009).
The inherent resistance to mechanical stresses of the enamel
is highlighted by the mechanical properties. Enamel has
significantly higher mechanical properties when compared to
dentin. The elastic modulus of human dental enamel is in the
range of 63 to 98 GPa, whereas the dentin has an elastic modulus
between 19 and 24 GPa (Fong et al., 2000; Habelitz et al., 2001;
Marshall et al., 2001, 2003; Kinney et al., 2003; Inoue et al., 2009;
Bertassoni et al., 2011; Yilmaz and Schneider, 2016). The trend is
similar when examining the reported hardness values of enamel
(2.7 to 4.8 GPa) and dentin (0.55 to 0.81 GPa) (Habelitz et al.,
2001; Marshall et al., 2001; Cuy et al., 2002; Low, 2004; Inoue
et al., 2009; Sui et al., 2014). Compared to both the enamel and
dentin, the cementum has reduced mechanical properties. The
elastic modulus of the cementum present in human teeth has
been reported to range from 2.3 to 16 GPa (Ho et al., 2004, 2009;
Srivicharnkul et al., 2005).
Unlikemany biological structures, teeth do not undergomajor
remodeling following damage or tissue loss (Fratzl, 2008), which
means that understanding their wear behavior is important for
maintaining healthy teeth. Tooth brushing is widely considered
the most common method for routine dental cleaning to
maintain healthy teeth (Addy and Hunter, 2003). Brushing of
the teeth with the addition of a tooth paste is performed to
mechanically remove dental plaque (Dyer et al., 2000). Dental
plaques contribute to the development of caries and lesions on
the teeth (Hicks et al., 2003). Brushing with a toothpaste has been
identified as a contributor to the wear of teeth through abrasion
of the tooth surface (Tellefsen et al., 2011). Low mechanical
loading of the tooth from brushing, considered as a “normal”
brushing condition, is advantageous as little abrasive damage
occurs to the enamel such that damage is repaired by the
remineralization process of the enamel that occurs within the
oral cavity (Wiegand et al., 2007). Understanding damage within
the tooth from brushing conditions is therefore important in
providing routes to limit this damage and provide repair from
remineralization.
A wide range of abrasive forces are applied to the tooth during
brushing that are highly dependent on the user and the type of
toothbrush, which are grouped into manual or powered, that are
used. Studies quantifying the brushing mechanism are limited
but some works have measured the brushing force applied by
patients using strain gauges attached directly to the toothbrush.
Specifically, Ganss et al. reported that patients with a manual
tooth brush apply a mean force of 2.4 ± 0.8N with a maximum
force of 5.5 ± 1.9N (Ganss et al., 2009). Wiegand et al. indicated
patients with a manual toothbrush applied a mean force of 1.6N
and mean force of 0.9N with a powered toothbrush (Wiegand
et al., 2013). In both studies the patients were uninstructed
regarding brushing force or technique. These studies show that
the brushing forces applied to the tooth are varied but can be
relatively high, which can lead to abrasion of the tooth surface
when combined with a toothpaste (Kielbassa et al., 2005).
Many studies have investigated the effects of tooth brushing
on the wear of dental tissue in conjunction with the effects
of erosion (Attin et al., 1997; Hooper et al., 2003; Wiegand
et al., 2007; Lima et al., 2013; Bizhang et al., 2016). The erosion
is included in these studies to replicate the effects of acid
mediated softening of the dental tissue, as sound dental tissue is
considered as not susceptible to abrasive wear alone (Kielbassa
et al., 2005). The softening by acidic substances or foods increases
the susceptibility of the dental tissue to abrasive damage. In
addition to the erosive damage leading to increased wear, gingival
recession is one route that can lead to exposure of the underlying
dentin (Bizhang et al., 2016). Dentin has reduced mechanical
resistance to abrasion when compared to enamel, and has been
shown to be susceptible to significant abrasive damage following
an erosive attack (Bizhang et al., 2016).
To study the wear characteristics of enamel and dentin, the
abrasive wear is conducted over a period repeated brushing cycles
on polished sections of dental material. These abrasive wear
studies often exclude the presence of the cementoenamel junction
and cementum on the surface of the dentin or completely remove
the layer prior to beginning the study. The total wear is often
assessed using profilometry over a specific region of the brushed
area to measure the mean change or peak change in the height
of the sample within the brushed region, which provides a one
dimension characterization of the damage (Dyer et al., 2000;
Hooper et al., 2003; Kielbassa et al., 2005; Wiegand et al., 2013;
Arnold et al., 2016; Bizhang et al., 2016). The one dimensional
analysis of the wear provides a convenient method of drawing
comparisons between varying conditions applied between the
brush and the tooth surface, but provides less information about
the overall changes occurring within the tooth structure during
the wear process.
Extending the analysis to three dimensions would provide
extensive information on changes in tooth volume due to
the applied brushing forces. X-ray microcomputed tomography
(XCT) is a powerful technique to acquire images of an entire
volume at the micrometer length scale. The ability of XCT to
accurately evaluate volume changes in teeth due to brushing
forces has not been fully explored and evidence within the
literature of quantifying small, micrometer scale, volume loss
in teeth using XCT is lacking. X-ray tomography techniques
have been exploited to investigate large scale abrasion wear
in teeth (Kofmehl et al., 2010) but does not consider loading
from a contacting toothbrush. We believe state-of-the-art x-
ray microscopy techniques are not fully realized as a potential
method for exploring volumetric wear in dental materials. The
aim of this work is therefore to investigate the abrasive wear of
tooth brushing on teeth using XCT. A particular emphasis is on
quantifying the total volume loss within the enamel and dentin as
a result of ex situ brushing using only the movement applied by a
(powered) sonic toothbrush.
METHODS
Porcine teeth were extracted from the lower jaw of a pig and
cleaned under running water to remove any excess soft tissue.
The individual teeth were then mounted to aluminum tubing
using epoxy resin (Devcon 5 minute epoxy, ITW Devcon, IE)
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in order to secure the teeth in the sample holders for the XCT.
Aluminum phantoms,∼0.2mm in diameter, were adhered to the
surface of the tooth adjacent to the region of interest using epoxy
resin. The phantoms provide a reference point on the sample
during image processing.
Tooth brushing was performed using a powered sonic
toothbrush (Philips Sonicare Easyclean, Philips, USA) and a
toothpaste slurry with a ratio of 1:3 toothpaste (Sensodyne Daily
Care, GSK, UK) to water. The toothbrush was secured on a
ring stand and static weights were attached to the main handle
of the toothbrush. The force applied to the tooth through the
toothbrush head was 2.8N. The toothbrush head was immersed
in the toothpaste slurry then attached to the toothbrush prior to
brushing. Brushing consisted of contacting the long length of the
tooth approximately at the gum-line position and activating the
toothbrush. The experimental setup for tooth brushing is shown
in Figure 1. Using this region of interested ensured that both
enamel, present at the surface of the tooth above the gum-line,
and dentin, present at the surface of the tooth below the gum-
line, were examined in this work to explore differences in their
response to the brushing. Each tooth was brushed at 2min time
intervals for up to 20min, with the tooth rinsed using deionized
water, dried using laboratory wipes and imaged prior to the
subsequent brushing interval. A total of three teeth were imaged
and exposed to the tooth brushing cycles.
XCT was conducted using an x-ray microscope (Versa 510,
Carl Zeiss, USA/EU) operating at a voltage of 50 kV with a
power of 4W and a Zeiss LE2 filter positioned directly after
the x-ray source to filter the x-ray spectrum. One thousand and
six hundred and one projections were collected over 360◦at an
interval of 0.22◦ with an isotropic voxel size of 3µm for each
tomography reconstruction. An exposure time of 5–6 s was used
for each projection. The exposure time was selected individually
for each sample and maintained throughout the study. Two
FIGURE 1 | Optical image of the ex situ brushing set up. Static weights are
applied to the central portion of the electric toothbrush. The tooth sample is
mounted in the XCT sample holder and stabilized by a steel v-block. A
schematic of the brushing location is shown in the bottom left hand corner of
the image.
initial scans were conducted for each sample; between the initial
scans no changes were made to the experimental equipment or
the position of the sample. The projections were reconstructed
FIGURE 2 | 3D volume rendering of the scanned region of the tooth. A
greyscale lookup table is applied to the rendering, showing the enamel in the
lighter coloration and the dentin the darker coloration.
FIGURE 3 | 2D virtual slices of the 3D tomography data captured via XCT.
(A) Initial reconstructed slice. (B) Reconstructed slice following application of a
NLM denoising filter. (C) The red box highlights the ROI selected for calculating
the volume of enamel and dentin. (D) The selected region of interest and the
resulting segmented data.
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using software incorporating a filtered back projection algorithm
(Scout and Scan, Carl Zeiss, USA/EU). For each dataset the
center shift was manually found, the standard beam hardening
correction was applied with a value of 0.2–0.7 depending on the
specific sample and a smoothing correction of 0.5–0.7 used. The
beam hardening and smoothing corrections were kept constant
for each individual sample.
The reconstructed datasets were filtered using a non-local
means denoising filter in ImageJ (NIST, USA) (Darbon et al.,
2008; Buades et al., 2011). The filtered datasets were registered
to the initial scans using the manual rigid registration module
in MeVisLab (MeVis Medical Solutions AG, DE). The aluminum
phantoms were used as key features for the registration process.
Registration of the datasets ensured that the center of each scan
was aligned and a consistent region of interest (ROI) could be
selected from each dataset.
The specific ROI from each dataset were segmented through
pixel classification using the ilastik software (Sommer et al.,
2011). Pixel classification was carried out using 15 features:
Gaussian Smoothing (σ = 0.3 px−3.5 px), Laplacian of Gaussian
(σ = 0.7 px−5.0 px), Structure Tensor Eigenvalues (σ = 0.7
px−5.0 px). Each dataset was segmented individually using three
labels. The labels were selected to represent the enamel, dentin,
and air present in the images. Each label is represented by a
single color value within the segmented data, resulting in a
dataset containing only three pixel color values. The volume
TABLE 1 | List of the volumetric data calculated from the XCT images captured for each tooth sample over 10 brushing time points.
ROI volume
(µm3)
Enamel Cementum/Dentin
Measured
volume
(µm3)
Difference in
volume
(µm3)
Normalized
volume change
Measured
volume
(µm3)
Difference in
volume
(µm3)
Normalized
volume change
TOOTH 1
4.51E+09
Initial Scan 1 306979362 2421110331
Initial Scan 2 307444059 464697 0.000103 2435130783 14020452 0.003108
Cumulative
brushing time
2min 308825676 1846314 0.0004093 2481981615 60871284 0.013495
4min 308805615 1826253 0.0004049 2377530333 −4.4E + 07 −0.00966
6min 310667373 3688011 0.0008176 2393336754 −2.8E + 07 −0.00616
8min 315229644 8250282 0.0018291 2385672966 −3.5E + 07 −0.00786
10min 307217502 238140 5.279E−05 2396889441 −2.4E + 07 −0.00537
14min 305646561 −1332801 −0.000295 2351522961 −7E + 07 −0.01543
20min 305596908 −1382454 −0.000306 2333317104 −8.8E + 07 −0.01946
TOOTH 2
2.8E+09
Initial Scan 1 107233713 1078093422
Initial Scan 2 108846234 1612521 0.0005759 1080123147 2029725 0.000725
Cumulative
brushing time
2min 105393798 −1839915 −0.000657 1078893108 799686 0.000286
4min 106819560 −414153 −0.000148 1081021086 2927664 0.001046
6min 106619112 −614601 −0.000219 1077492132 −601290 −0.00021
8min 106163676 −1070037 −0.000382 1060871580 −1.7E + 07 −0.00615
10min 107536059 302346 0.000108 1063602441 −1.4E + 07 −0.00517
14min 105769989 −1463724 −0.000523 1043337699 −3.5E + 07 −0.01241
20min 106732134 −501579 −0.000179 1039972338 −3.8E + 07 −0.01361
TOOTH 3
1.23E+09
Initial Scan 1 67284702 569502549
Initial Scan 2 67524327 239625 0.0001942 570971349 1468800 0.001191
Cumulative
brushing time
2min 67395834 111132 9.008E-05 566421471 −3081078 −0.0025
4min 67446675 161973 0.0001313 567022788 −2479761 −0.00201
6min 66814065 −470637 −0.000381 560944764 −8557785 −0.00694
8min 66461310 −823392 −0.000667 559115568 −1E + 07 −0.00842
10min 66894903 −389799 −0.000316 558533475 −1.1E + 07 −0.00889
14min 66791817 −492885 −0.0004 557282754 −1.2E + 07 −0.0099
20min 66694806 −589896 −0.000478 554612157 −1.5E + 07 −0.01207
The corresponding difference in volume is calculated as the volume measured in the initial scan 1 subtracted from the measured volume of the time step.
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of each label was calculated by counting the number of pixels
for each specific color within each slice of the ROI. The total
number of pixels for each color within a dataset were counted
using a custom python script. The volume was then calculated
by multiplying the number of pixels by the voxel size of the
images.
RESULTS
Porcine teeth were successfully imaged using XCT, focusing
mainly on the region of the tooth surface that transitions from
enamel to dentin. Figure 2 shows the 3D rendered volume of
an imaged tooth and highlights the presence of both the enamel
and the dentin within the imaged volume. A plane section of
the imaged volume is shown in Figure 3, where the enamel and
dentin can be distinguished clearly. Figure 3A also highlights
the cementum at the surface of the tooth, which is indicated by
the change in the image morphology. The interface between the
cementum and dentin is not clear from the XCT images, but was
confirmed using light microscopy (Supplementary Figure 1).
The light microscopy images indicated that the cementum in
these samples connects directly to the enamel and there is no
overlap of the two layers. The artifacts present within Figure 3
are likely caused by the presence of the aluminum phantom
adhered to the tooth surface. Figure 3 shows the plane section
that has been produced using a non-local means denoising filter
and indicates that the filter has reduced the overall noise while
maintaining the features of the sample.
The filtered image datasets were segmented to accurately
distinguish between the enamel, dentin and air in order to
quantify the volume of each phase present. The volume of the
enamel and dentin present within each sample at each time point
is recorded in Table 1. The table also displays the volume data for
the initial repeat scans. Table 1 shows the change in volume at
each time point against the initial reference scan, labeled initial
scan 1, which shows an increase in the volume lost in both the
enamel and dentin over the course of the total brushing time.
The size of the ROI varies for each sample, therefore to draw
comparisons between each samples the data is normalized against
the total measured volume of the ROI in the initial scan. The
total volume of the ROI and the normalized volume at each
time point are displayed in Table 1. The average change in the
volume of each phase as a function of the applied brushing time
can therefore be observed and is plotted in Figure 4. A linear
regression fit to the data to describe the rate of volume loss within
each phase was made.
DISCUSSION
In the XCT images the cementum at the surface of the tooth
can be identified but the interface between the cementum and
the dentin cannot be consistently differentiated. The lack of
contrast between the cementum and dentin is likely due to the
similiarity of mineral concentration for each material. Dentin
has ∼60% hydroxyapatite, where cementum has between 45 and
50% (Ho et al., 2004; Srivicharnkul et al., 2005; Goldberg, 2011;
FIGURE 4 | Plot of the average normalized changes in volume for the enamel
and cementum/dentin vs. the cumulative brushing time (in minutes).
Yamaguchi et al., 2016) The high mineral content of the enamel,
over 90% (Habelitz et al., 2001; Goldberg et al., 2014; Yilmaz and
Schneider, 2016), results in significant contrast to the cementum
and dentin. Therefore, it is not possible to indicate when the
abrasive behavior of the tooth brushing has completely removed
the cementum and then begun to remove the underlying dentin.
The removal of the cementum from the tooth surface exposes
the dentin and the openings of the dentin tubules, which has
been shown to lead to hypersensitivity (Addy and Hunter, 2003;
Arnold et al., 2016). As a result of this, the discussion here
considers the dentin and cementum as one material component
of the tooth and the enamel as another.
The plots in Figure 4 indicate a substantial increase in the
volume of the cementum/dentin lost when compared to the
enamel. This difference in rate of volume loss was expected as
the enamel has greater mechanical properties and is a biological
structure that is designed to withstand long term exposure to
wear forces. An initial increase in the normalized volume changes
in both the enamel and dentin is noted and is expected to be due
to initial deposition of material or redeposition of loose material
within the ROI, which is absent as removal of the tooth material
becomes active.
The increased wear resistance observed in the enamel is
consistent with the literature, where brushing of enamel produces
minimal volume loss when compared to the dentin and also
holds for acid softened/eroded dentin and enamel (Wiegand
et al., 2007, 2013). The consistency with previous work can be
evaluated by comparing the ratio of the rate of dentin volume
loss to rate of enamel volume loss. Wiegand et al. showed, using
profilometry, that brushing of enamel and dentin with powered
sonic toothbrushes resulted in an average dentin to enamel
volume loss ratio of 12.6:1 (Wiegand et al., 2013). The data we
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present here indicates an average cementum/dentin to enamel
volume loss ratio of 35.48:1, which indicates a more rapid volume
loss compared to the literature. The ratio was calculated using the
slope from the linear regression of the volume loss vs. time data
for each sample. This increase in the ratio appears to be related to
the applied force during brushing, where increasing the applied
force by a factor of three increased the ratio of volume loss by a
similar factor. The force applied in this work was ∼2.8N, while
Wiegand et al. applied 0.9N with the sonic toothbrush (Wiegand
et al., 2013). The increase of the ratio with force indicates that the
increase in cementum/dentin volume loss observed here is not
dependent on thematerial properties, and is potentially related to
the experimental methodology. The work presented by Wiegand
et al. used controlled sample geometry, whereas in this work a
geometry more representative of in vivo brushing was employed
to take advantage of the XCT imaging capabilities. The irregular
geometry used in this work may lead to increased contact stresses
arising at the surface during brushing that may not be observed
using polished blocks used for profilometric studies. In addition,
the sample preparation techniques employed in other works,
namely mechanical surface polishing, may preferentially remove
weakly bound or damaged material prior to the wear testing.
Specifically, the polishing in Wiegand et al. removed 200µm
from the surface of the enamel and dentin block faces (Wiegand
et al., 2013), thus potentially removing weaker material, and
the cementum, that could be lost more easily due to brushing.
Polishing is also expected to defects from the surface that act
as initiation sites for damage or volume removal. Future work
should therefore examine the interaction of the toothbrush head
with the dentin and enamel surfaces using in situ XCT to provide
better insight into how the contact stresses are being applied to
an irregular tooth surface.
SUMMARY
The volume change of teeth following ex situ tooth brushing
was successfully measured using XCT to observe the wear
characteristics of teeth. The rate of volume loss for enamel was
observed to be lower than that of the cementum/dentin within
these teeth samples, consistent with the literature of brushing
performed on dental material. Specifically, the rate of volume
loss of cementum/dentin was found to be over 30 times higher
than for enamel. The methodology for experimentally measuring
the volume loss using x-ray imaging and corresponding image
analyses provide robust approaches for assessing a wide range
of brushing interactions with teeth in relevant 3-dimensional
space.
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